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Introduction

Spinach chloroplasts carry out several energy-
dependent processes such as conformational changes
and ion translocation, in addition to the synthesis of
ATP. The evidence for energy-dependent conforma-
tional changes has come from light-scattering studies
by Packer (11,12), Jagendorf and Hind (5), and
Dilley and Vernon (1). Itoh et al. (3) and Izawa
et al. (4) have observed changes in chloroplast vol-
ume by Coulter counter studies, “chlorocrit” deter-
minations, and in ultrastructure in vivo (6) and
in vitro (3) by electron microscopy of illuminated
spinach chloroplasts. Mukohata and Packer (8) and
Ohnishi (10) have also reported light-dependent
viscosity changes in suspensions of spinach chloro-
plasts. Packer and Marchant (13) and Ohnishi
(10) have extracted contractile proteins from spinach
chloroplasts. Conditions similar to those required
for structural changes (13) also support a light-de-
pendent uptake of calcium and phosphate in isolated
spinach chloroplasts (9). Hence, it is concluded
that chloroplasts in a higher plant such as spinach
should be capable of regulating both their ion and
water contents.

Tt seemed worthwhile, therefore, to consider the
possibility of the occurrence of a similar phenomenon
in algae. It has been found that Euglena chloro-
plasts show light-dependent packed volume changes
and energy-dependent conformational changes as re-
vealed by light-scattering studies.

Materials and Methods

Conditions of Culture. Euglena gracilis, strain z,
was grown at 25° in' Hutner’s Medium at pH 3.3 to
3.5 (2) under constant illumination of 20 w warm-
white fluorescent bulbs, at 500 ft-c. Constant agita-
tion and aeration were provided by bubbling a mixture
of 3 9% CO, in air into a 6-liter cylindrical flask, which
contained 4 liters of medium. The inoculum con-
sisted of a 40 ml suspension of cells grown under the
same conditions and in the same medium using 125
ml Erlenmeyer flasks without aeration.

1 Received August 16, 1964.

2 This research was supported in part by the National
Science Foundation (GB-1550).

3 National Science Foundation, Science Faculty Fel-
low, 1963-64. Permanent address: Department of Biol-
ogy, Brooklyn College, Brooklyn 10, New York.

4 Abbreviations: PMS, phenazine methosulfate; m-
CCP, m-chloro-carbonyl cyanide phenylhydrazone:
DCMU, 3-(3,4-dichlorophenyl)-1-1-dimethyl urea.

290

Chloroplast Isolation. The following procedures
were performed at 4°. Cells were harvested after
3 to 4 days by centrifugation in a continuous-flow
centrifuge at 3000 X g. The cell pellet was collected
in 30 to 40 minutes, resuspended in 40 ml of buffered
sucrose (0.5 M sucrose-0.1 M Tris, pH 8.0) and were
disrupted by a single passage through a French Pres-
sure Cell at 5000 psi. The broken cell preparation
was centrifuged at 200 X g for 5 minutes, the result-
ing pellet was treated 3 more times in the same fash-
ion with sucrose-Tris, pH 8.0, and the supernatants
were collected and pooled. These {ractions were
then centrifuged at 600 X g for 15 minutes and the
chloroplast-containing residue was resuspended in
sucrose-Tris, and the 200 X g and 600 X g centri-
fugation steps were repeated, and again saving the
600 X g fraction. The resuspended 600 X g pellet
was then washed twice with Tris (20 mm, pH 8)-
NaCl (35mmM) by centrifugation for 15 minutes at
600 X g. The final pellet contained 15 to 25 mg of
chlorophyll (15).

Packed Volume Studics. The final 600 X ¢ frac-
tion was diluted with NaCl (35mm)-Tris (20 mm,
pH 8) to yield a final chlorophyll concentration of
0.1 or 0.2 mg/ml. Duplicate 2 ml aliquots of this
suspension in Tris (20myM, pH 8)-NaCl (35 mM)
with additions as indicated in individual experiments
were added to 3 ml graduated protein (or “chloro-
crit”) tubes. A 150 w tungsten photoflood type lamp
was used as light source. After the individual treat-
ments, the tubes were centrifuged at 1000 X ¢ and
25° in either light (2000 ft-c) or in darkness using
specially-constructed transparent lucite tube holders
which fit into the trunnions of the clinical centrifuge.
Packed volumes were estimated by measuring the
pellets at the appropriate times. In any particular
experiment the reproductibility was excellent; the
variability between identical samples was approxi-
mately 5 %.

Light scattering (546 mu) by chloroplast suspen-
sions was measured at 90° in a Brice-Phoenix Light
Scattering Photometer modified for recording as de-
scribed by Packer (11). The low intensity of the
green light used for the scattering measurements was
near the minimum of the photosynthetic action spec-
trum. Increases in scattering intensity following
treatment with actinic light (Wratten #26 filter) are
expressed as percent changes of the initial scattering
level. The temperature of the system was maintained
at 25°* 0.1 by circulating liquid around a jacketed
1 cm cuvette.
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Fic. 1. Light-induced packed volume changes in
Euglena chloroplasts. Conditions as given in Methods;
chlorophyll concentration was 0.2 mg/ml. Protein was
determined by the method of Lowry et al. (7). PV =
chloroplast packed volume; S = supernatant.

Results

Packed Volume Studies. Figure 1 shows that
after preillumination and centrifugation in the light,
the packed volume of chloroplasts is 36 % less than
that for an identical suspension tested without illumi-
nation. The supernatant fractions of the light-treated
samples contained about twice as much chlorophyll
and protein as those from the dark, but the chloro-
phyll-protein ratio was the same in both. Further-
more, the shape of the absorption spectrum in the
visible region was the same for both supernatant frac-
tions and for a noncentrifuged chloroplast suspension.
Spectral studies, chemical analysis, and microscopic
examination revealed that some chloroplast fragments
are present in the supernatant solutions and that these
apparently sediment more slowly than the intact
chloroplasts. A study of the packed volume changes
as a function of centrifugation time (see control of
fig 3) reveals that in the light the pellet volume is
low after 3 minutes but becomes larger with increas-
ing centrifugation time. In the dark the ability of the
chloroplasts to sediment is quite different since after
3 minutes, it is generally impossible to measure any
pellet volume. After 30 minutes of centrifugation,
the particles of the supernatant fractions are com-
pletely sedimented and the light packed volume is still
smaller than in the dark. When the chlorophyll
concentrations are varied between 0.05 to 0.4 mg/ml,
the packed volume after equilibrium was proportional
to the chlorophyll concentration in the original sus-
pension for centrifugation in the light and in the dark.
Using this basic test system for ‘“chlorocrit” deter-
minations, a number of other factors affecting the
packed volume were examined.

A study of the relative light intensity of packed
volume changes showed that the threshold for the
response lies between 250 and 500 ft-c. Also, light-
mediated packed volume changes are temperature de-
pendent since lowering the temperature abolishes the
effect (fig 2A). Hence, a light-triggered, tempera-
ture-sensitive process is involved. This process is
also influenced by the pH of the test system (fig 2B).
Light-dependent packed volume changes are abolished
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Fic. 2. Temperature and pH dependence of light-
induced packed volume changes. The reaction mixture
(2 ml) contained: A, NaCl (35 mM); Tris (20 mMm, pH
8); and chloroplasts (0.1 mg chlorophyll/ml). B, Nat
and K+ phosphate buffer (0.067 M at indicated pH), and
chloroplasts (0.2 mg chlorophyll/ml). Other conditions
are as in figure 1.

by lowering the pH to 6.5. Also, the volume of the
pellet becomes larger as the pH is lowered.

It has been found that photophosphorylation con-
ditions as well as ATP (12) affected the conforma-
tional changes of spinach chloroplasts. The effect
of ATP on the sedimentation and packed volume of
chloroplasts is shown as a function of centrifugation
time in figure 3. ATP elicited a decrease of the

0.06 -

+5mM ATP

Packed volume, ml

0.04 - -
0.02 O LIGHT —
® DARK
0 ] ]
0 10 20 30

Centrifugation time, minutes
Fi1c. 3. Action of ATP on packed volume changes.
Conditions as in figure 1; ATP added where indicated.
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packed volume of the chloroplasts in either light or
dark conditions as seen by the pellet volume after
complete sedimentation. Apparently ATP does not
affect the shape of the sedimentation curves either in
the light or in the dark. Hence, its action would ap-
pear to be on decreasing chloroplast volume by about
25 to 30 9%. Approximately the same values were
obtained by Itoh et al. (3) for spinach chloroplasts.

As the effect of ATP was to reduce the packed
volume hoth in the light and in the dark, it was pre-
dicted that in the presence of photophosphorylation
reagents, the same response would occur. In fact,
the addition of 2mM ADP and 2 mm Pi elicits an
alteration of the light sedimentation curves and de-
creases the pellet volume by 24 9, after 4 minutes of
centrifugation and 109 after equilibrium was
reached. In the dark no significant change was ob-
served. The presence of 2mmM NH,CI in the same
reaction mixture prevented the effect of ADP and Pi.

As ncted in figures 1 and 3, the pattern of chloro-
plast sedimentation curves are remarkably different
between light and dark; illuminated chloroplasts
sediment much more slowly. Therefore, it was of
interest to study this light effect by varying the period
of the illumination between 0 and 30 minutes before
starting the centrifugation. Readings were taken
after centrifugation for 3 and 6 minutes. At these
times, the chloroplasts are, of course, incompletely
packed (see fig 1,3). Figure 4 shows a very definite
preillumination effect. At the shorter centrifugation
time (3 min), there appears to be a direct relation-
ship between preillumination time and packed vol-
umes. With longer centrifugation time (6 min) the
packed volumes increase and the effect of preillumina-
tion exposure begins to disappear ; this is because the
chloroplasts at 6 minutes are more completely sedi-
mented.

Light Scattering Studies. These measurements
have proved to be valuable in detecting conformational
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Fic. 4. Effect of preillumination on packed volume
changes in Euglena chloroplasts. Conditions as in figure
1 except for preillumination and centrifugation time as
shown.
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Fic. 5. Reversible scattering changes accompanying
illumination of Euglena chloroplasts with actinic light.
Conditions as in Methods. The reaction mixture (5 ml)
contained: Tris (20 mm, pH 8), NaCl (35 mm), MgCl,
(5 mM), ascorbate (2 mM), phenazine methosulfate (20
uM), and chloroplasts (5 pg chlorophyll/ml). Explana-
tion in text.

changes in chloroplasts (11). Figure 5 shows that
actinic light induces a 16 to 18 9% increase in the 90°
light-scattering intensity of the chloroplast suspension
incubated in the presence of certain cofactors. The
effect is reversible and is considerably reduced in ex-
tent by 0.2mm NH,CI and is virtually absent when
the NH,Cl concentration is increased to 22 mm. - An
examination of the requirements for these light-
scattering changes and the action of several inhibitors
is shown in table I. These data show that MgCl,,
PMS*, and ascorbate are required for maximal scat-
tering response, whereas P;,, ADP, and ATP ap-
parently are not. Among the inhibitor substances
tested, DCMU and antimycin 4 were found to be
without effect at the concentrations employed. Scat-
tering responses in the presence of 10pM m-CCP and
2mm NH,Cl were 35 and 86 % less than that of the
complete system respectively.

Unlike the case with spinach chloroplasts (11),
ferricyanide alone did not support light-scattering
changes. Adding ferricyanide to the PMS-ascorbate
system (in excess of the ascorbate present) inhibited

Table I. Light-Induced Structural Changes in
Euglena Chloroplasts
Increased
scattering (%)

Complete* 14
-MgCl, (5 mm) 5
-PMS (20 M) 4
-Ascorbate (2mm) 3
-Ascorbate, PMS 4
-Phosphate (2 mMm) 14
Complete + DCMU (10 um) 14
+ NH,Cl (2mm) 2

+ m-CCP (10 um) 3

+ Antimycin 4 (2 ug/ml) 14

+ ADP (2mm) 14

+ ATP (1 mm) 14

* Conditions for complete system as in figure 5. Ex-
planation in text.
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light-scattering changes at least 80 %, probably be-
cause it essentially caused the destruction of all the
ascorbate present (see table I for ascorbate require-
ment).

Discussion

Light-induced conformational changes occur in
Euglena chloroplasts in vitro, as seen from “chloro-
crit” and light-scattering studies. Packed volumes
were smaller and scattering increases larger upon
illumination in the presence of appropriate cofactors,
whereas NH,Cl caused an opposite effect. Thus, in
a general way, the factors which influence conforma-
tional changes in Euglena and spinach chloroplasts
(1,11,12) are similar. However, the behavior of
Euglena and of spinach chloroplasts and chromato-
phores of Rhodospirillum rubrum (14) differ with
regard to the action of some cofactors. Mgt * and
PMS are often required for maximal scattering re-
sponses, but Euglena chloroplasts and chromatophores
also require ascorbate; exogenous phosphate is neces-
sary in chromatophores, but not in Euglena chloro-
plasts. Some of these variations may result from dif-
ferent amounts of endogenous cofactors and the age
of the chloroplasts.

Although it is clear that light-induced packe:l
volume decreases occur in chloroplasts (after com-
pletion of sedimentation), the interpretation of these
findings solely in terms of shrinkage is unwarranted
without additional information. Itoh et al. (3) ob-
served a decreased packed volume of 14 % in spinach
chloroplasts in the light. This result qualitatively
but not quantitatively agreed with their Coulter
counter experiments (38 % shrinkage). The dis-
crepancy was attributed to trapped space between the
chloroplasts in the packed volume studies. In sup-
port of their suggestion, we have observed that
centrifugation and pre-illumination time (fig 3,4) in
addition to shrinkage also affect the observed packed
volume. When equilibrium is reached, the packed
volume in the light is smaller than in the dark. It
is of interest that photophosphorylation cofactors and
inhibitors modify both the sedimentation pattern and
the final packed volume. The unusual feature of
these experiments is that the intensity and duration
of light exposure change the pattern of sedimenta-
tion. How light brings this about is not yet known.
However, it is interesting that Zurzycki (16), investi-
gating the ability of chloroplasts to be displaced in
vivo by centrifugation, has observed that the mobility
of the chloroplasts was also dependent on intensity
and illumination time. These changes were cor-
related with the shape of the chloroplast profiles.

Summary

Evidence for light-induced conformational changes
has been demonstrated in Euglena gracilis, strain z,
chloroplast preparations by packed volume or “chloro-
crit” determinations and from light-scattering studies.
Upon illumination the pattern of chloroplast sedi-
mentation and packed volume is significantly different
from dark controls. A packed volume decrease de-
pendent on light intensity, pH, and temperature was

observed. Cofactors and inhibitors of photophos-
phorylation also affected the “chlorocrit” determina-
tions. Light-scattering increases induced by actinic
red light required magnesium, ascorbate, and phen-

azine methosulfate, and are reversible, decaying in the
dark.
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